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ABSTRACT 

We present results from a systematic investigation of the X-ray properties of a sample of moderate 
redshift (0.3 < z < 0.6) galaxy groups. These groups were selected not by traditional X-ray or optical 
search methods, but rather by an association, either physical or along the line of sight, with a strong 
gravitational lens. We calculate the properties of seven galaxy groups in the fields of six lens systems. 
Diffuse X-ray emission from the intragroup medium is detected in four of the groups. All of the 
detected groups have X-ray luminosities greater than 10'^'^h~^ erg s~^, and lie on the Lx-(Jv relations 
defined by local groups and clusters. The upper limits for the non-detections are also consistent with 
the local Lx-Cy relationships. Although the sample size is small and deeper optical and X-ray data 
are needed, these results suggest that lens-selected groups are similar to X-ray selected samples and, 
thus, are more massive than the typical poor-group environments of local galaxies. 
Subject headings: galaxies: clusters: general — gravitational lensing — X-rays: galaxies: clusters 



1. INTRODUCTION 

To have a full picture of galaxy evolution and struc- 
ture formation in the Universe, it is crucial to understand 
the properties of galaxy groups. Most galax ies in the lo- 
cal Ur iiverse reside in galaxy groups (e.g . .iTurner fc Got! 
\im^ iGeller fc Huchral [198^ lEke et all 12001 . In addi- 
tion, groups are vitally important in driving changes in 
star formation rates and galaxy morphologies since z ~ 1, 
because the low velocity dispersions and high density of 
groups make them likely locations for interactions and 
mergers Ce-g.- IAarseth fc FalllfT980l:lBarnedll985tlMerrittl 
Il985l ) . Furthermore, indications are that the dark matter 
distributions in groups represent a transition between the 
dark-matter dominated profiles seen on cluster scales and 
galaxy-sized halos that a re strongly affected by baryon 
cooling (e.g.. IOgurill2005l ). In this paper we examine the 
properties of moderate-redshift groups. 

Groups in the l ocal Universe have been 
weh studied (e^ IZabludoff fc Mulchacv '19981; 
Nkilchaev fc Zabl udofl 1 19981 [Osmond & Ponman 
2004 iRasmussen et al.l 12006 '). In a systematic survey 



of 60 groups in the Group Evolution Multiwavelength 
Study (GEMS), I Osmond fc PonmanI (l200l find that 
groups in the local Universe obey similar Lx-cTy and 
Lx-T scaling relations to more massive clusters, al- 
though a more recent analysis (|Helsdon fc PonmanI 
lin prepf ) finds a steepening in the Lx-T slope for these 
groups. There is also a large non-statistical scatter 
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of a factor of 30 in X-ray luminosity and a factor of 
3-4 in X-ray temperature for this group sample. This 
scatter includes a class of spiral-rich groups with little 
or no emission, as well as some groups with high X-ray 
luminosities but low velocity dispersions. Possible 
explanations for these outliers include unrelaxed dy- 
namical states, uncertain velocity dispersion measures 
from small n umbers of redshifts (typically fewer than 
10, see also IZabludoff fc Mulchaevl Il998l). and point 
sourc e c ontamination of the X-ray flux (jllelsdon et "aTl 
I2005D . lOsmond fc PonmanI ()2004D also find a strong 
correlation between the detection of diffuse emission and 
the presence of a centrally-located, dominant early-type 
galaxy, as well as an anti-correlation between spiral 
fraction and gas temperature. 

Additional outliers from the canonical scaling relations 
are found by Rasmusscn et al. (2006) , who are studying a 
redshift-selected, statistically-unbiased sample of galaxy 
groups at z « 0.06 with deep X-ray data. The first 
galaxy groups detected from this survey are X-ray faint 
(~ 5 X lO'"^ erg s~^), are underluminous for their 
measured velocity dispersions, and do not host a domi- 
nant, central early- type galaxy, suggesting that they are 
collapsing for the first time. Optically-selected groups 
such as these represent a different, perhaps more com- 
mon, class of groups than those detected through their 
X-ray emission. 

Detailed studies of groups at moderate-to-high red- 
shifts have been limited because groups are difficult to 
find, given their modest galaxy overdensities and X- 
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ray luminosities. On the optical side, the situation 
has been alleviated somewhat by large reds hift surveys 
such as the Sloan Digital Sky Survey (SDSS; lYork et all 
I2OOOD , the Canadian Network for O bservational Co smol- 
ogy Field Galaxy S urvey (CNOC2;a£e_elaI] L2000'), and 
the DEEP2 survey (|Davis et al.ll2003l ). but many of the 
group candidat es found in these surveys have only 3-4 
members fe.g.. ICarlberg et all [200lHGerke et al] 120051) 
and may not represent physically bound structures. Fur- 
thermore, the intensive spectroscopic foUowup required 
to confirm each group candidate and characterize its 
properties has so far limited the size of well-studied group 
samples froin these surveys (e.g., | Wilman et al.l 120051 : 
' 1.11200' 



iBalogh et aLll2007t iFang et al.il2007i r 

Intermediate-redshift (0.2 < z < 0.6) groups se- 
lected on the basis of their X-ray emission are also be- 
ing studied jW iUis ct al. 2005a ll l^falchaev et allll996t 
iJeltema et a]Tl200&, ,2007i) . Results for these surveys 
suggest that these groups follow the low-redshift scal- 
ing relations between luminosity, temperature, and ve- 
locity dispersion. Many of these systems have high frac- 
tions of early-type galaxies, suggesting that this popu- 
lation is already in place by z ~ 0.5 (jMulchaev et al.l 
Il996t IJeltema et al.|[2007[ ). However, there are clear in- 
dications of dynamical evolution, including many groups 
with brightest group galaxies that show multiple com- 
ponents, dominant early-type galaxies that are not cen- 
tered on the diffuse emission, or no dominant early-type 
galaxies at all. While similar systems have been identi- 
fied in low-redshift samples (see above), the luminosities 
and temperatures of the moderate-redshift examples are 
significantly higher, implying a group downsizing where 
more massive groups are still in the process of collapsing 
and virializing at these redshifts. The effects of evolu- 
tion appear to continue to higher redshifts where studies 
of some optically-selected groups suggest that they are 
substantially and systematically under luminous, relative 
to th eir local counterp arts, for a given velocity disper- 
sion (|Fang et al.ll2007D. Note h owever, that the velocity 
dispersions in ' Fang et al.l (pOOl are all based on a small 
number of measured redshifts (ranging from 3 to 6 red- 
shifts per group) and thus are highly uncertain and may 
be significantly overestimated. 

Significant differences between the properties of X-ray 
and optically-selected groups have been noted a t both 
low a nd intermediate redshift (e.g. , iRa smussc n et al.l 
120061 iFang et all f2007t iRvkoff et all [20081) . suggesting 
that each method is selecting a distinct class of groups. 
To avoid these biases, we are conducting a survey of 
moderate-redshift groups that have been selected via 
a non-traditional technique, namely through their as- 
sociation with strong gravitational lenses. There is 
growing evidence that strong gravitational lenses, i.e., 
those forming multiple images of the background ob- 
ject, are typically locate d in groups of galax ies at in- 
terme diate redshift (e.g . . iKundic et al.l Il997allbl : iTonryl 
19981 iMom chcva ct al. '2006': 'Fass nacht et al.f l2006al : 
Auger et al, ,2007a .b). Thus, strong lenses can be used 



to identify and study the properties of distant groups, se- 
lected in a manner that is completely independent from 
alternative techniques such as deep X-ray integrations or 
color-magnitude diagrams. The lensing probability de- 
pends only on the projected mass distribution and does 
not depend on its kinematics or on the properties of the 



galaxy population or intragroup medium (IGM). There- 
fore, lens-selected groups provide an excellent sample to 
determine the properties of galaxies and hot baryons, and 
to understand selection effects (e.g., mass concentration 
for lensing, IGM luminosity and temperature for X-ray 
selection, and the homogeneity of the galaxy population 
for red sequence selection) by contrasting different meth- 
ods. 

It is not unexpected that the lensing galaxies in strong 
lens systems should reside in overdense regions of the 
Universe. Searches for gravitational lenses are biased 
toward high density regions because (1) higher mass 
systems have a larger cross-section for lensing and (2) 
most lensing galaxies are ellipticals, whic h are preferen- 
tially found in groups or clusters (e.g.. Dressier* Il980l : 
IZabludoff &JvIulchaey 1998). Theoretical studies have 
predicted that a significant number of lens systems 
should be associated wi th groups or clusters, albeit with 
a large spread of values fKeeton. C hristlein. & Zabludo3 
2000: Hold er & Schechtei][2(fflal0guri. Keeton. fc Dalall 
200 51. Unbiased photometric surveys of lens fields in- 
dicate that lenses li e along overdense lines of sight 
([Williams et al.l l2006l . Fassnacht et al. in prep.), and 
spectroscopic observations have confirmed several lens- 
group associations that can affect the lensing potential 
at the level of 5% or more (e.g., Kundic ct al. 19 97a,tj; 
Xonrv 1998; Fassnacht & Lubin 2002: Momchcv a et alJ 
2006; .Fassnacht et al..,2006a: .Auger et al...2007a .b) . 



In this paper, we present the results from multi-object 
spectroscopic and deep Chandra observations of seven 
groups detected through their association with gravi- 
tational lenses. We assume a cosmological model with 
(f7M,f^A) = (0.3,0.7). We will use h = Tfo/lOOkm s^^ 
Mpc~^ to represent the Hubble Constant when we do 
not have to choose a value. When we do have to assign 
a value to the Hubble Constant, we use h = 0.7. 

2. THE SAMPLE 

The systems analyzed for this paper are all strong 
lenses for which we have either obtained new observa- 
tions with Chandra or for which data are available in 
the Chandra archive. Furthermore, each system had to 
show evidence of an associated galaxy group, obtained 
through spectroscopic surveys of the galaxies surround- 
ing the main lens system. The targeted systems are de- 
scribed briefly below. 

2.1. CLASS B0712+472 

This four-i mage lens syst e m (h ereafter B0712) was 
discovered by iJackson et al.l ()1998l ) as part of the Cos- 
mic Lens All-sky Survey (CLASS; iMvers et all l2003t 
iBrowne et al.l I2003D . The lensing galaxy is at a red- 
shift of ziens = 0.406 (Fassnacht & Cohen 1998), while 
the le nsed source is at a redshift of 1.34 ( Jack son et al.l 
|1998( ). A spectroscopic survey discovered a group in the 
foreground of the lens, with 10 confirmed mem bers and 
a mean redshift of z = 0.29 ([Fassnacht fc Lu bin 2002). 
Further spectroscopic foUowup, presented in this paper, 
finds 5 more members. 

2.2. PC 1115+080 

This lens system (hereafter PG1115), consisting of four 
lensed images of a Zsourcc = 1.722 quasar, was the second 
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lens discovered (IWevmann et al.l 119801). The lens red - 
shift is zions = 310 (|Kundic et al.lll997i lTonrvlll998f ). 
The system is especially important because it is one of 
only ^ 10 lenses for which t i me delays hay e been mea- 
sured (|Schechter et al.lll997t lBarkanal[l997h . Early ob- 
servations of this system found a lik ely group of galax - 
ies centered close to the lens system () Young et al.lll98il) 
and found that two of the potential group m embers had 
redshifts of ~0.3 (jHenrv fc Heaslevf I1986D . suggesting 
that the lensing galaxy was a member of a s mall group. 
The gr oup r nember s hip w as expanded by iKundic et al.l 
dlMli) and iTonrvl (jl998l ) who between them found 5 
group n iembers, including the lensing galaxy. Recent 
work bv lMomcheva et"al] ()2006l ) has extended the num- 
ber of spectroscopically confirmed members to 13. 

2.3. JVAS B1422+231 

This is a fo ur-image lens s ystem (hereafter B1422) 
discovered by iPatnaik et al.l (ll992aD as part as the 
Jodrell-VLA Astrornetric Survey (iPatnaik "erallll992bl : 
iBrowne et all Il998t [Wilkinson et al.lll998l ). "The back- 
ground source is at a redshift of ^s ource = 3.62, while th e 
lensing galaxy is at ziens = 0.647 (lHa,mmer et al.lll995h. 
Early models of the system (e.g., iHogg fc Blandford 
11994) suggested that exter nal mass was necessa r y, and 
subse quent spectroscopy (jKundic et al.l Il997bl : iTonrvl 
Il998l ) r evealed a group at the redshift of the lens. The 
work of iMomcheva et aTl ()2006[ ) has brought the number 
of spectroscopically confirmed group members to 16. 

2.4. CLASS BI6OO+434 

This two-image system (hereaft er B1600) was one 
of the first two lenses discovered (jJackson et al.l Il995l) 
in the CLAS S survey. The sy stem redshifts are 
fsource =1.59 (Jackson et ajj Il995( l and ziens =0.414 
(jPassnacht fc C ohen 1998). Th is is a nother time delay 
system, with delays meas ured bvlKoqp mans et al. (2000) 
at radio wavelengths and iBurud et al.. (2000, ) at optical 
wavelengths. A spectroscopic survey has discovered a 
small group with 7 confirmed members that is associated 
with the lens (jAuger et al. 20G7a). 

2.5. CLASS B1608+656 

This four-image sys tem (hereafter B16 08) was the sec- 
ond lens discovered (|Mvers et al.l I1995D at the begin- 
ning of the C LASS surve y. The lens redshift is zicns = 
0.630 (IMvers et al.lll995l). whil e the source redshift is 
z«r,„Tn,= = 1.39 (jPassnacht et al.l [l996l ). All three inde- 
pendent time delays in this system have been measured 
(jPassnacht et al.lll999l l2002t ) . An extensive spectroscopic 
survey of the field has revealed four candidate galaxy 
groups along the line of sight to the l ens, with mean 
redshifts of 0.26, 0.43, 0.51, and 0.63 (jPassnacht et all 
[2006a). In this paper, we present new spectroscopy of 
the field and updated group velocity dispersions. As we 
will discuss below, we will only concentrate on the prop- 
erties of two of the groups in this field: the group that is 
physically associated with the lensing galaxy at z = 0.632 
(hereafter B1608-1) and the gro up at z = 0.426 (hereaft er 
B1608-3, using the notation of jPassnacht et ani2006al) . 

2.6. CLASS B2108+213 

This two-image system (hereafter B2108) has a lens- 
ing galaxy at ziens = 0.365 and has the largest image 



separ ation (4'.' 6) of the CLASS lenses (jMcKean et al.l 
|2005| ). giving a strong indication that the lens resides 
in a group or cluster environment. Unusually, both the 
lensed source and the lensing galaxy are radio loud, with 
the lensing galaxy showing both a flat-spectrum core 
and low surface brightness lobe extending in roughly 
a east-west to SE-NW direction (jMcKean et al.l 120051: 
IMore et al.ll200l . The source redshift has not yet been 
measured. A spectroscopic survey of the field has re- 
vealed several tens of galaxies at the redshift of the lens 
(McKean et al., in prep). 

3. X-RAY DATA REDUCTION AND ANALYSIS 
3.1. X-ray Data Reduction 

In this section, we present results obtained from Chan- 
dra observations of the groups described in the previous 
section. We report the first results for the groups asso- 
ciated with B0712 and B2108, while the data associated 
with the other groups have been obtained from the Chan- 
dra archive and reprocessed so that the full sample has 
been processed in an identical manner. We will compare 
the results from the r eprocessed d a ,ta wi th those obtained 
from earlier work by I Grant et al.' (2004', for the PC 1115 
and B1422 systems) and Dai fc Kochanck (200^, for the 
B1600 and B1608 systems). 

Observations of B0712 and B2108 were carried out 
with C handra 's Advanced CCD Imaging Spectrometer 
(ACIS; iGarmire et a"ni2003l ) on 2003 December 17 (Ob- 
sID 4199) and 2006 July 14 (ObsID 6971), respectively. 
Both fields were imaged with the nominal 3.2 s CCD 
frame time for a total integration of 45.5 ks for B2108 
and 97.7 ks for B0712. The resulting data were trans- 
mitted in VFAINT mode for both observations. An ex- 
amination of light curves produced from the datasets in 
the 0.3-10 keV band shows no indication of flaring during 
either observation. Both targets were imaged with the 
back-illuminated ACIS-S3 chip, with B0712 and B2108 
located 44" and 75", respectively, from the aim point of 
the observation. 

Data for the PG1115, B1422, B1600, and B1608 sys- 
tems were obtained from the Chandra archive maintained 
by the Chandra X-ray Center (CXC)^. The observational 
parameters for these datasets are listed in Table [U along 
with those of the B0712 and B2108 observations. All of 
the archival fields were imaged with the ACIS-S3 chip 
near the telescope aimpoint, with the largest off-axis ob- 
servation being that of B1608, imaged roughly 75" from 
the aimpoint. The observations of PG1115 and B1422 
were carried out in PAINT mode, while those of B1600 
and B1608 are in VPAINT mode; all four employed the 
standard CCD frame time of 3.2 s. We searched for flar- 
ing events in the light curves of each observation using 
the lc_clean. si script and detected periods of increased 
background in only the 367 dataset of B1422. Excluding 
periods in which the background count rate differed from 
the mean rate by a factor greater than 1.5 reduced the 
usable exposure time of that observation from 28429 to 
16888 seconds. 

All six datasets were reprocessed and analyzed us- 
ing standard Chandra Interactive Analysis of Observa- 
tions (CIAO) 3.3 software tools and version 3.2.2 of the 
Chandra calibration database available through CXC. 

^ http :/ /cxc . harvard .edu/ 
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Fig. 1. — Soft band (0.5-2.0 keV) X-ray images of the six lens systems, binned to a resolution of 0'.'123. The dashed line denotes the 
masking aperture constructed to contain 99% of the flux from each set of point sources. The schematic in the lower right corner of each 
panel represents the configuration of the lens system at radio and optical wavelengths. For each case, a correspondence between the X-ray 
and optical/radio morphologies can be seen. 
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TABLE 1 

Observation Parameters 



Target 


Obs ID 


Exp (s) 


Obs Date 


PI 


B0712 


4199 


97742 


2004 Dec 17 


Fassnacht 


PG1115 


363 


26489 


2000 Jun 2 


Garmire 


B1422 


367 


16888=' 


2000 Jun 2 


Garmire 


B1600 


3460 


30176 


2003 Oct 7 


Kochanek 


B1608 


3461 


29717 


2003 Sep 9 


Kochanek 


B2108 


6971 


45507 


2006 Jul 14 


Fassnacht 



^ Reduced from 28429 seconds due to flaring events. 

We produced new bad pixel masks for the 363, 367, 
and 4199 datasets with the acisjrunjiotpix script, as 
the original masks were created by an older version of 
the CXC pipeline which misidentified afterglow events 
and failed to detect hot pixels. New level 1 event 
files were produced for all of the observations using the 
acis_process_events script, which makes use of the 
latest gain files and corrects for the effects of time- 
dependent gain variations and charge transfer inefficien- 
cies (CTI) in the ACIS CCDs. To improve image quality 
the preprocessing was implemented without event pixel 
randomization. Level 2 event files were produced by 
filtering on standard ASCA grades (grades=0,2,3,4,6), 
good status bits (status=0), and Good Time Intervals 
(GTIs) supplied by the CXC pipeline. To examine the 
extended emission originating from the galaxy groups as- 
sociated with each system we produced images in the soft 
X-ray band (0.5-2 keV), where emission from the intra- 
group gas would have the greatest signal. Each image 
was corrected for vignetting using exposure maps cre- 
ated at an energy of 1.5 keV. The pixel-specific vignette 
correction factor is estimated by normalizing the expo- 
sure map to its maximum value at the aimpoint of the 
observation. Images of the lens systems, binned to a 
pixel scale of 0'.'12, are shown in Figure [TJ We note that 
the sub-pixel binning is used only to make Figure [U all 
analysis is done with standard-size pixels. 

3.2. X-ray Analysis 

In order to characterize the X-ray properties of the 
group sample, we must first remove any point-like emis- 
sion in the field of each system. This includes emission 
from the lensed active galactic nuclei (AGN), and pos- 
sibly from the lensing galaxies, which are expected to 
be embedded in the fainter diffuse group emission. The 
excellent spatial resolution of Chandra facilitates the cru- 
cial separation of the point-source images from the un- 
derlying diffuse emission. Raw, soft-band images of the 
lens systems are shown in Figure [T] For each system, 
visual inspection reveals morphologies similar to those 
seen at other wavelengths, allowing the straightforward 
registration of the X-ray frame to the astrometry of the 
existing radio and optical data. In the B0712 system, the 
observed X-ray emission corresponds to the three bright- 
est images of this quadruply lensed source, although the 
individual images are largely blended because their maxi- 
mum separation is only I'.'S. The three components A, B, 
and C in PG1115 are well separated but the two images 
Al and A2 have not been resolved. In B1422 we clearly 
see the blended emission from images A, B, and C, but 
not the fainter image D. The B1600 morphology shows 
images A and B, while in B1608 components A and C 



are blended and only image B is well separated; image D 
is not detected. The images of B1600 and B1608 ma tch 
well the images presented bv lDai &: KochaneS (|2005D . as 
expected. In B2108 we see emission from both lensed 
images and the lensing galaxy (Gl). The lensing galaxy 
in this system is therefore loud in both X-rays and radio. 

Removing the contribution of these lensed images is 
complicated as there is significant structure and signal 
in the wings of the Chandra point spread function (PSF) 
even at low off-axis angles. Care must be taken to 
prevent residual flux in the wings from artificially en- 
hancing any group component. While previous studies 
have used complex two-dimensional models to disentan- 
gle the point-like a nd diffuse emission (|Grant et al.ll2004 
iPoolev et al.l 1200^ we have employed a relatively sim- 
ple masking technique that uses PSF modeling to quan- 
tify the extent of point sources in each field and replace 
the point sources with an estimate of the local back- 
ground. In order to minimize any contamination from 
the wings of the PSF, our masking apertures were con- 
structed to contain 99% of the flux from a given point 
source. Using a process similar to that employed by the 
ACIS Extract (iBroos et al.ll2002f ) package, model PSFs 
were constructed using the CIAO tool mkpsf at an en- 
ergy of 1.5 keV. As the Chandra PSF is dependent on off- 
axis angle, a unique PSF was constructed for each lensed 
image. Once the X-ray data had been registered to the 
optical and radio frames, the positions of the lensed com- 
ponents were taken from the literature and used as the 
centroids for the masking apertures. We draw from the 
5 GHz and 8.4 GH z radio obse rvations of [Jackson et al.l 
(I1998D. iPatnaik et al. (199^, iFassnacht et all (|2002f) . 
and' McKean et all (i2005 ) for B0712, B1422, B1608, and 
B2108, respectively, and from th e Hubble Spac e Teles cope 
(HST) optical observations of llmpev et al.l (|1998f ) for 
PG1115. Each model PSF is then convolved with a two- 
dimensional Gaussian with a = (y!27 to account for the 
telescope dither blur (|Broos et al.ll2002f ) and a 99% en- 
closed energy contour is constructed from the smoothed 
image. The outer extent of the combined contours for 
a set of lensed images is then defined as our masking 
aperture for that system. These masking regions are 
shown plotted on their respective fields in Figure [1] A 
local background is then determined directly outside the 
masking aperture and the masked region is filled with 
the median background level, scaled to the area of the 
masked region, using the dmf ilth task. 

The images were next smoothed in order to emphasize 
the diffuse X-ray emission associated with these systems. 
Both adaptive smoothing, using the CIAO tool csmooth 
(jEbeling et al.l [2006). and fixed- width Gaussian smooth- 
ing techniques were used. The results are shown in Fig- 
ure [2l The middle two columns of the figure show the 
adaptively-smoothed images of each system prior to and 
following the masking process. In many of the fields a 
diffuse component is clearly visible even with the lensed 
images present. After masking these sources, we applied 
the adaptive smoothing algorithm with minimum and 
maximum significance thresholds of 3ct and 5cr, respec- 
tively. The minimum and maximum smoothing scales 
were allowed to float. An examination of the resulting 
images showed diffuse emission in four of the six fields: 
B0712, PG1115, B1422, and B2108. On the other hand, 
we see no obvious signal in the fields of B1600 and B1608, 
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Fig. 2. — Column 1: Raw soft band (0.5-2.0 keV) X-ray images binned to a pixel scale of 0'.'492 of the field of each galaxy group. 
Column 2: Adaptively smoothed images of each system prior to the masking process. Column 3: Adaptively smoothed images of each 
system following the masking process. The position of the masked point sources are marked with plus signs. The flaring seen on the right 
edge of the B2108 adaptively-smoothed image is due to the chip edge. Column 4'- Same as column 3, but smoothed with a fixed-width 20" 
Gaussian kernel. The contour levels in the smoothed images are chosen to highlight the important structures. The scale bars in the second 
column are drawn under the assumption that h = 0.7. 
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Fig. 3. — Upper Panels: Azimuthally averaged surface brightness profiles for the B0712, PG1115, and B1422 groups, constructed 
following the masking of point sources in the field. The background level of each field is denoted by the horizontal dashed line. Lower 
Panels: Cumulative net count profiles for each system detected above the background. The total number of counts originating from each 
group is shown by the horizontal dashed line. 

centroids are listed in Table 2. It is worth noting that the 
lack of structure in the smoothed images of B1600 and 
B1608 suggests that there is no significant residual flux 
or artifacts produced as a result of the masking process 
itself; we proceed under the assumption that this holds 
true for the other four fields as well. 

It was not possible to do a full spectroscopic analysis 
for any of the flelds, due to the low number of counts 
produced by the diffuse emission. Although an analy- 
sis of the B2108-1 system, which has the highest num- 
ber of counts among the detected systems, did yield a 
temperature, the uncertainties were so large as to render 
the value meaningless. Therefore, we instead determined 
the soft-band flux of the group emission by normalizing 
a Raymond-Smith spectral model in the CIAO package 
Sherpa to the net counts detected above the background 
in each system. The net counts were measured using a 
standard growth-curve analysis, although the analysis of 
B2108 was more complex than that of the other systems. 
For all but the B2108 system, the local background levels 
were determined by creating azimuthally-averaged sur- 
face brightness profiles. For the systems with detected 
diffuse emission, the annuli were centered on the peak of 
the emission. For the B1600 and B1608 systems the an- 
nuli were placed at the group centers as determined from 
optical observations. The background for each system 
was set to the median surface brightness in the region 
where the profile leveled off. The widths of the annuli 
were held constant for a given system, but varied between 
5" and 10" from field to field, depending on the achieved 
signal-to-noise ratio of the detected diffuse emission. The 
surface brightness profiles are shown in Figures [3] and HI 
In the case of the two components seen in the B2108 
field, the standard approach could not be used because 
the complex morphology of the emission produces cross 
contamination of the group counts. Therefore, instead of 
using surface brightness profiles we set the background 
level by measuring the surface brightness in a source- free 
area of the chip. 

A cumulative net count profile for each field was con- 
structed by measuring the counts in successively larger 
apertures centered on the group emission and subtract- 
ing an appropriately scaled background. We take the 
total number of counts originating from the group to be 



in agreement with the results of iDai fc KochaneH ()2005l ) 
who also fail to detect any significant extended emission 
within 4' of the lensed galaxies. In the B1608 field, we do 
notice a region of enhanced emission near to the location 
of the B1608-3 group. However, this location is close to 
the chip edge, and it is not clear if the emission is real or 
due to a higher background level. Deeper X-ray obser- 
vations are needed to assess whether the B1608-3 group 
has associated diffuse X-ray emission. 

The right-most column of Figure [2] shows the masked 
data smoothed by a fixed-width Gaussian with a kernel 
size of 20". For all but one of the lens systems, the fixed- 
width smoothing produces an image that strongly resem- 
bles the image produced from the adaptive smoothing. 
This is clearly not the case for the B2108 field, where the 
fixed- width smoothing reveals at least two major com- 
ponents. The difference between the adaptive and fixed- 
width smoothing results may be due to the bridge of rel- 
atively bright emission connecting the two components. 
We believe that the adaptive smoothing algorithm proba- 
bly detected the two components plus the bridge as a sin- 
gle large object and thus incorrectly smoothed the data 
with a very large kernel size. To assist in the interpreta- 
tion of the smoothed images, we binned the raw masked 
data to 16" pixels. The binned imaged shows a some- 
what U-shaped structure that more closely resembles the 
Gaussian-smoothed image than the adaptively-smoothed 
image. We therefore feel that for B2108 the fixed-width 
smoothing has probably produced a more accurate rep- 
resentation of reality. We will, thus, use the Gaussian- 
smoothed image in the following discussion. We desig- 
nate the western component, which is the one roughly 
centered on the lens system, as B2108-1. The eastern 
component will be referred to as B2 108-2. 

The majority of the quantitative results, such as the 
total counts, fluxes, etc., that are presented below are 
derived from the masked unsmoothed images. However, 
the smoothed images are used to determine the centroids 
of the diffuse X-ray emission. Because we feel that the 
fixed-width Gaussian smoothing produces a more real- 
istic representation of the B2108 emission, and because 
the fixed- width smoothing also seems reasonable for the 
other lens fields, we use the Gaussian smoothing to de- 
termine the centroids for all of the fields. The resulting 
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Fig. 4. — Azimuthally averaged surface brightness profiles for the 
B1600 and B1608 fields. Because no significant diffuse emission is 
detected at these locations, the profiles are centered on the optical 
centroids of the groups. 





Fig. 5. — Gaussian-smoothed images of the B2108 field show- 
ing the masking regions (dashed polygons) used to minimize the 
cross-contamination of the counts associated with each component. 
Counts in these masking regions were excluded when measuring the 
cumulative net profiles of the components. The circle in each panel 
is centered on the component for which the counts are being mea- 
sured, and shows the radius at which the background level was 
reached. 

the level at which the cumulative profile ceases to grow. 
In the case of the B2108 components, it was necessary to 
mask out parts of the apertures where the counts from 
the group in question were significantly contaminated by 
the emission from the other group. Figure [5] shows the 
masking regions used and Figure shows the resulting 
curves of growth. The total counts measured in each 
system are listed in Table 2, where the counts from the 
B2108 will be underestimates due to the masking pro- 
cedure. We find significant signal above the background 
for the B0712, PG1115, B1422, and B2108 systems, with 
the emission in the B0712 detected at the 3.5 cr level and 
the other systems all being detected at the 4.5 — 5 cr level. 
We did not detect significant emission in the B1600 and 
B1608 systems, confirming our non-detection in these 
fields from the image analysis. As discussed below, the 
fluxes we present for the B1600 and B1608 systems are 
3(7 upper limits. 
For the four fields with detected diffuse emission, we 
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Fig. 6. — Cumulative net count profiles for the two regions of 
diffuse emission in the B2108 field. The masking that was applied 
to reduce cross contamination between the groups will lead to un- 
derestimated count levels in the outer regions of the profiles. 

converted from net counts to flux by modeling the group 
emission in Sherpa as a Raymond-Smith thermal plasma 
with a metal abundance of 0.3^0 and a gas temperature 
of 1 keV. The instrument response is taken into account 
by creating redistribution-matrix and auxiliary-response 
files with the specextract task for each observation. 
Using these response matrices and the Raymond-Smith 
model, along with the redshift for the groups and the 
exposure times of the observations, we determined the 
source fiux required to produce the observed counts in 
each field. These fiuxes were then corrected for the ef- 
fects of Galactic ab sorption using the neutral hydrogen 
column densities of iDickev fc LockmanI ()1990( ). Finally, 
these fiuxes were converted to rest-frame soft-band lu- 
minosities and from there to rest-frame bolometric lumi- 
nosities. The computed fluxes and luminosities are given 
as columns 7 and 8 in Tabled 

For ease of comparison with other determinations of 
group X-ray properties, we also computed values within 
apertures of radius i?5oo- The value of i?5oo for each 
system was estimated from the radial velocity disper- 
sion that had been determined from the group galaxy 
redshifts (Table 3), as R500 = 2cr.„/[%/500i/(z)]. For 
each group, we had to extrapolate from the region of 
observed emission out to i?5oo- To do this, we used a P 
model with /3 = 2/3 and i?corc — 160 kpc; these are the 
median and mean values, respectively, fr om the fits to 
the iii termediate-redshift group sample of iJeltema et al.l 
(|2007t l. The rest-frame bolometric luminosity within 
i?50o is given as the last column in TableO To obtain up- 
per limits on the flux in the fields of B1600 and B1608 we 
used a similar process but instead normalized the spec- 
tral models to the background counts within apertures 
of radius i?5oo centered on the lensed images. The values 
listed in Table [5] for these three groups are the 3a upper 
limits within these apertures. 

4. OPTICAL DATA REDUCTION AND ANALYSIS 
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In order to compare the X-ray and optical properties of 
the group sample, we require estimates of the group ve- 
locity dispersions. As we did for the X-ray properties, we 
calculate the velocity dispersions for all the groups using 
a standardized approach in order to minimize effects due 
to different computation methods. To do this we have 
taken the updated reds hift distributions for the PG1115 
and B1422 systems from lMomcheva et al.l (I20Q6D and th e 
B1600 redshift information from lAuger etaiT (l2007al) . 
Furthermore, we have supplemented the previously ex- 
isting redshift data on B 0712 from jFassnacht fc LubinI 
(|2002h and on B1608 from iFassnacht et all ()2006a[ ) with 
new data that we present below. Finally, we include 
the preliminary analysis of the data for the B2108 field. 
These data will be presented fully by McKean et al. (in 
prep). 

4.1. B0712 Spectroscopy 

Previous observations of the environment of the B0712 
field yielded 34 non-stellar redshif ts, with 10 galax- 
ies co mprising the foreground group (jFassnacht fc LubinI 
l2002f ). We obtained further spectroscopy on the field on 
2004 April 10 with the Low Re solution Imaging Spectro- 
graph (LRIS; lOke et al.llT995[) on the Keck I Telescope. 
The observations consisted of three multislit exposures 
of 1800 sec each. Arc lamp and internal flat-field expo- 
sures were obtained following the science exposures. The 
data were obtained with both the red and blue LRIS cam- 
eras, with the D560 dichroic splitting the incoming beam 
at ~5700A. The red-side data were dispersed by the 
600/7500 grating, giving a nominal scale of 1.28 A pix~^. 
On the blue side the 400/3400 grism was used, provid- 
ing a nominal 1.09 A pix^^ dispersion. The data were 
reduced with an python-based multislit reduction pack- 
age developed by M. Auger. This package detects the 
slits, does the bias subtraction and flat-field correction, 
corrects for distortions in the spatial direction, does the 
wavelength solution, rectifies the spectra, subtracts the 
sky, detects objects in each slit, and extracts the spectra, 
all automatically. The slitmask had 32 slits, from which 
13 non-stellar spectra were extracted. The updated red- 
shift distribution is shown in Figure [7^. 

4.2. B1608 Spectroscopy 

The spectrosc opic data on th e B1608 -I-656 field that 
are presented in IFassnacht et ahl ()2006al ) yielded 97 non- 
stellar redshifts, in a distribution that showed four clear 
spikes. Additional multislit observations of the field were 
obtained on 2004 Aug 13 and 2007 June 12, with one 
slitmask being used on each occasion. In both cases, 
both red- and blue-side data were obtained. The first 
set of observations used the D560 dichroic, the 600/7500 
red-side grating, and the 600/4000 blue-side grism, yield- 
ing nominal dispersions of 1.28 and 0.63 A pix for the 
red and blue sides, respectively. Two 1800 sec obser- 
vations were obtained. The second set used the D680 
dichroic, the 831/8200 grating, and the 300/5000 grism. 
This combination provided nominal dispersions of 0.93 
and 1.43 A pix~^. This second set of observations was 
designed to measure an improved stellar velocity disper- 
sion for the B1608 primary lensing galaxy and to make 
the first measurements of the stellar velocity dispersions 
of the two additional strong lens candidates in this field 
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Fig. 7. — Galaxy redshift distributions in the B0712 (left) and 
B1608 [right) fields. The bins have width Az = 0.005. 



(jFassnacht et al.ll2006br ). so the total exposure times were 
long. In total, 11 exposures of length 1800 s were ob- 
tained through this mask. Both masks were reduced 
using the automated python pipeline. The observing 
conditions during the 2004 observations were substan- 
dard and only two new redshifts were measured from the 
mask. In contrast, 26 new non-stellar redshifts were mea- 
sured from the 2007 observations. The updated redshift 
distribution is shown in Figure [TJd. 

4.3. Optical Analysis 

In order to minimize the likelihood of spurious con- 
clusions arising from different data analysis methods, 
we computed the group velocity dispersions for each of 
the systems in the same way. In some cases (B1422, 
PG1115), this means re-analyzing the data from the lit- 
erature, while for others (B0712, B1608, B2108) we have 
acquired new data which have been combined with previ- 
ously published data, if available. F'or the B1600 group , 
the published group parameters (jAuger et al.l l2007al) 
were computed using our standardized technique and 
therefore they were taken directly from the literature. 
The first step is to identify the groups from the redshift 
distributions. To do this, we f ollow the iterative gr oup- 
finding procedure presented in lAuger et al.l ()2007al ) . In 
some cases, this objective method leads to slightly dif- 
ferent membership than that presented in the literature. 
The number of galaxies given for each of the groups in 
Table |3| reflects the numbers from the current analysis. 
We note that for the B1608 field, the objective group 
finder identifies t he sam e four redshift spikes as noted in 
IFassnacht et al.l ()2006aD , plus an additional group candi- 
date at z = 0.71. However, we only consider two groups 
in our analysis: the one that is physically associated with 
the lensing galaxy (B1608-1) and the z — 0.426 group 
(B1608-3). Both of these groups are compact spatially 
and in redshift, and are clearly centered in the region 
covered by our data. In contrast, the z = 0.26 group ap- 
pears to be real, but also has a spatial distribution that 
suggests that it may be centered off the region covered 
by the spectroscopic and X-ray data. The z = 0.52 spike 
has a filamentary spatial distribution and is composed 
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TABLE 2 

X-RAY Properties of Diffuse Group Emission 



Group 


rx/\ 
(J2000) 


UGC 

(J2000) 


iVH 


Counts 


Count Rate 
(10-^ s-1) 


r lUX ' 
(10--*^^ erg cm-2 s~^) 


.tJX bol 

(10*2/1-2 erg s-i) 


iJX,bol,500 
(10*2/1-2 erg s-1) 


B0712 


07:16:04.4 


+47:08:49 


7.8 


47 


0.48 


1.6 + 0.2 


0.44 + 0.05 


1.3 + 0.2 


PG1115 


11:18:16.3 


+07:45:57 


4.0 


71 


2.7 


6.9 + 0.8 


2.2 + 0.3 


3.9 + 0.5 


B1422 


14:24:38.1 


+22:56:00 


2.7 


59 


3.5 


9 + 1 


3.4 + 0.5 


12 + 1 


B1600 






1.3 






< 1.8 


< 1.2 


< 1.2 


B1608-1 






2.7 






< 2.0 


< 4.0 


< 4.0 


B1608-3 






2.7 






< 4.3 


< 3.0 


< 3.0 


B2108-1 


21:10:54.4 


+21:31:05 


12.6 


155 


3.4 


12 + 1 


5.9 + 0.5 


5.9 + 0.5 


B2108-2 


21:11:00.7 


+21:30:55 


12.6 


148 


3.3 


11 + 1 


5.4 + 0.5 





0.5-2.0 kcV Corrected for Galactic Absorption 



TABLE 3 

Group optical properties 







Group 




.R500 


^'500 


Group 


N 


Redshift 


(km s^-*-) 


(/i-i kpc) 


(arcsec) 


B0712 


15 


0.290 


320+20 


250 


82 


PG1115 


13 


0.310 


450+70 


340 


110 


B1422 


16 


0.339 


460+90 


350 


105 


B1600 


7 


0.415 


90+20 


72 


19 


B1608-1 


10 


0.632 


150+30 


95 


20 


B1608-3 


8 


0.426 


320+90 


190 


49 


B2108 


47 


0.364 


470+50 


350 


98 



mostly of late-type galaxies, so we do not believe that it 
is a real group. The new z = 0.71 candidate has too few 
members for us to accurately characterize its properties 
at this time, and is also so distant that the relatively shal- 
low Chandra data do not provide interesting constraints 
on its properties. 

The velocity dispersions were calculated from the dis- 
tributions of the redshifts of the ide ntified group mern - 
bers, using the methods described in lBeers et al.l (119901 ). 
The gapper algorithm was used for groups with fewer 
than 15 members, while for groups with more members 
we used the bi- weight estimator. In each case, the er- 
rors on the resulting velocity dispersions were determined 
using a bootstrap approach. The dispersions and their 
errors are given in Table [31 Although the group veloc- 
ity dispersions have been calculated in a standard man- 
ner, we note that a dispersion determined from only ~10 
members may be strongly biased with respect to the true 
value (e.g.. lZabludoff fc MulchaevlflQQSl : iGal et al.ll2008fl 
and thus the calculated values should be used with care. 

5. DISCUSSION 

5.1. Comparison to Previous X-ray Analyses 

The diffuse X-ray emission from two of the lens- 
selected group s, PG1115 a n d B14 22, has been analyzed 
previously by iGrant et al.l ()2004D . Because our analy- 
sis uses different inputs and techniques, care should be 
taken when comparing the results of the two analyses. 
As one example, each of these two systems was observed 
under two separate programs (Obs IDs), namely 363 and 
1630 for PG1115, and 367 and 1631 for B1422. To sim- 
phfy the analysis of the effects of the PSF, we used only 
the longer of the two obs e rvatio ns for each system. In 
contrast, the Grant et al.l ((2004') analysis combined the 
two programs in each case. Therefore, the germane basic 
quantity to use in the comparison of the results is not 



the net counts from the diffuse emission, but rather the 
net count rates. In each case, we find a higher count rate 
than that measured in the previous analysis: 2.7 x 10"'^ 
vs. 1.3 X 10-3 for PG1115 and 3.5 x lO'^ vs. 1.8 x lO'^ 
for B1422, where all values are in counts s~^. We be- 
lieve that the cause of this discrepancy is the manner 
in which we m asked out the lens ed AGN emission for 
the lenses. The IGrant et al.l (|2004[ ) approach was conser- 
vative, masking out regions with diameters of 14"-16", 
while our 99% masking regions (Fig. [T|) cover somewhat 
smaller areas, with typical sizes of ~10" across. In both 
cases, a correction was then made to account for the dif- 
fuse flux within the masked region. Given the small an- 
gular extent of the groups, changes in the masking area 
may lead to differences in the size of the correction and 
therefore to significant changes in the measured flux of 
the diffuse emission. 

A second difference in technique is that the luminosi- 
ties that we use in our final analysis are those within 
i?500, rather than just using the luminosities calculated 
from the observed region of significant de t ection . To fa- 
cilitate comparison with the IGrant et al.l ()2004D results, 
the bolometric rest-frame luminosities in Table [5] are 
given for both the detection region and the i?5oo re- 
gion. Other differences arise f rom the X-r a y tem per- 
ature used for PG1115, where IGrant et al.l ()2004[ ) use 
0.7 keV and we u s e 1.0 k eV, and the assumed cosmology. 
The IGrant et al.l (|2004D results are computed using an 
Einstein-de Sitter cosmology with h = 0.5, while we use 
(r^Mj^^A) — (0.3,0.7) and set h = 0.7 when we have to 
fix its value. 

It is important to consider the effects that the analysis 
techniques will have on the interpretation of the results. 
In terms of many of the conclusions drawn from the mea- 
sured X-ray luminosities, including the discussion of the 
Lx~(^v relationship below, the factors of a few in Lx 
that come out of the different techniques will not change 
the interpretation. In particular, given the log-log nature 
of the Lx-Cv plot and the scatter in the observed rela- 
tionship, these factors of 2-3 do not significantly change 
the location of the lens-group points in Figure [51 On 
the other hand, the determination of the location of the 
X-ray centroid is more sensitive to how the lensed AGN 
emission is masked, and therefore conclusions about the 
possible offsets of the brightest group galaxies from the 
center of the X-ray emission are tentative at best. 

5.2. The Nature of the X-ray Emission in B2108 
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The X-ray emission associated with the B2108 system 
is shown in the last row of Figure[2l where its morphology 
is seen to be clearly different from that of the other sys- 
tems. While the smoothed data in each of the other fields 
show a single, relatively compact region, the B2108 field 
contains two elongated regions, connected by a bridge of 
emission. These regions are roughly centered on the po- 
sitions of masked point sources; the western component 
(B2108-1) is the one centered on the lens system. 

It is likely that the X-ray emission in B2108-1 is pro- 
duced by the the group associated with the B2108-t-213 
lens system. The lensing galaxy is a massive elliptical, 
is the brightest galaxy in the group, and is found nearly 
at the center of the X-ray emission. However, the source 
of emission in B2108-2, the eastern X-ray component, 
is much less clear. An examination of optical imaging 
of this field, obtained with the Keck telescope, shows a 
i? > 23 source coincident with the X-ray position of the 
point source that is roughly at the center of B2108-2. 
The faintness of this optical object compared to the con- 
firmed group members {'^ 5 magnitudes fainter than the 
primary lensing galaxy) suggests that it is background 
AGN rather than a source associated with a massive el- 
liptical in the z = 0.36 group. If this is the case, then it is 
not clear whether the diffuse X-ray emission in B2 108-2 
is coming from a massive system associated with a back- 
ground AGN or whether it is instead due to a second 
group at the redshift of the lensing galaxy. The clear 
removal of the point-source emission for the B1600 and 
B1608 systems suggests that the diffuse emission is not 
wholly due to residual emission from the point source. 
The majority of the B2 108-2 emission is outside the re- 
gion for which spectroscopic data have been obtained, 
so there is no information on whether there may be an 
overdensity of higher-redshift objects in the area covered 
by this second system. That being said, the available 
spectroscopy does provide some insights on this complex 
field. The velocity distribution of the z = 0.36 group 
members is non-Gaussian, even with nearly 50 redshifts 
(McKean et al., in prep), suggesting that the group is in 
a dynamically disturbed state. The velocity distribution 
in the B2108 field and the presence of multiple elongated 
diffuse components connected by an apparent bridge of 
emission suggest that system is undergoing some kind 
of merger. Interestingly, the east-west alignment of the 
two diffuse X-ray components is roughly in the same di- 
rection as the low surface b rightness lob es seen in deep 
radio imaging of this system ([More et al.l[2008) . although 
the radio lobes cover a much smaller area than the X-ray 
emission. 

5.3. Detection Rate and Group Luminosities 

One of the most basic quantities that emerges from 
the analysis of the lens-group sample is the rate at 
which these lens-selected groups are detected when ob- 
served at X-ray frequencies. We have examined the 
fields of six lenses, in which at least seven galaxy groups 
have been discovered using optical spectroscopy. Of 
those seven groups, four are detected with the Chan- 
dra observations, giving a formal detection rate of ^60% 
±30%. All of the detected lens-selected groups have 
luminosities within i?5oo of greater than 10**^ erg 
s~^. Because most previous investigations of the X- 
ray properties of galaxy groups have been conducted 



at low redshifts, we compare the rate at which X-ray 
emission from the IG M is detected in the lens sam- 
ple to these samples. iMahdavi et al.l ()2000[ ) selected 
groups and clusters based on the CfA redshift survey 
and found a detection rate of 23%, which they cor- 
rect to a 40% rate based on their X-ray selection func- 
tion. The X-ray data used for t his work were from the 
ROSAT All-Sky Survey fRASS: IVo^s et al.lfl999l) and 
thus are not highly sensitive, with a limiting luminos- 
ity of -10*2 erg s'K lOsmond fc P onman (2003) concen- 
trate more specifically on groups and detect ~6G%, based 
on deeper pointed X-ray observations with ROSAT. For 
this sample, the limiting luminosity is Lx ~ 10^"'^ erg 
s~^. However, analysis and sample-selection issues make 
a straight comparison of detection rates in these ear- 
lier samples somewhat problema t ic. T he shallow X- 
ray data used in Mah davi et al.l (|200Cl( ) make it diffi- 
cult to disentangle IGM emission from emission due to 
a hot halo associated with one of the group g alaxies 
(e.g., LM ulchacv '2000'; Osm ond fc PonmanI 120041 ) . The 
I Osmond fc Ponman (2004) sample avoids this problem 
by using deeper ROSAT pointings, but their sample 
may be biased. Their groups are optically-selected, 
but they require their groups to have pre-existing deep 
{tcxp > 10,000 s) ROSAT data, which were often avail- 
able because the RASS data had shown an X-ray source 
at that location. 

Perhaps the best comparison sample for our lens- 
selected g roups is the work on lo cal optically-selected 
groups bv iRasmussen et aD ()2006f ). Here, the selection 
is unbiased, at least with respect to the X-ray proper- 
ties, and the X-ray observations, which are made with 
XMM, are sensitive. The IGM has been detected in 
two out of the four groups, giving a similar detection 
rate to the lens-selected samples. We note, however, 
that none of the groups in this sample have luminosi- 
ties above 10^^ h~'^ erg s~ ^. Although both the lens- 
group and IRasmussen et al.l (|200Q ) samples are small, we 
may be seeing a difference in the sample properties. The 
optically-selected sample may be more representative of 
typical low-redshift galaxy groups, which often have low 
levels of X-ray emission. In contrast, the lens-selected 
sample is picking out groups that are more like the X- 
ray-bright groups detected in local samples, which tend 
to be on th e high-mass side of the local group distribu- 
tions (e.g., IMahdavi et all 120001: iMulchaev fc ZabludofJ 

mil). 

5.4. Lx-o'v relationship 

In order to compare the properties of the X-ray emis- 
sion from the lens-selected moderate-redshift groups with 
other group samples, we have assumed h = 0.7 and 
(Omj^^a) = (0.3,0.7). The lens-group points are plot- 
ted as the large stars on the Lj^-cr^ plot in Figure [H 
For the purposes of this plot, we have assumed that 
all of the measured redshifts in the B2108 field are as- 
sociated with the B2108-1 group, and plotted the de- 
rived velocity dispersion against the B2 108-1 X-ray lu- 
minosity. Also included in the plot are data from the 
low-redsh ift X-ray-detected g roups in the GEMS sample 
of O smond fc PonmanI (j2004f ) , and from X-ray-selected 
moderate-redshift group samples (jJeltema et al.l 120061 : 
IWillis et al.ll2005al ) . The filled squares r eprese nt data on 
the four groups from IRasmussen et al.l (|2006D . As men- 
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tioned above, these optically-selected groups appear to 
be less X-ray luminous than typical systems in the X-ray- 
selected samples (Fig. IS]). In contrast, the lens-selected 
groups appear to be consistent with the X-ray-selected 
samples, given the scatter in the data. 

Also shown in Fig. [8] are fits to low- and intermediate- 
redshift samples. The low-redshift scaling relations 
are shown for the GEMS group sample (solid line; 
iHelsdon k, Ponmanllin pred) and a cluster sampl e (short- 
dashed line: iMarkevitchI 11998: HorneiJ |2001[ ). The 
other scaling r elation (long-dashed line ) in the plot is 
a fit made by iGastaldello et all ()2008f ) to data from 
an intermediate-redshift gro up sample, the majority of 
which is comprised of the iJeltema et al.l ()2006l ) and 
IWillis et al.l ([gOOSa") data points represented as the open 
circles and triangles in Fig. [5] It is clear that the 
lens-group detections are more consistent with the low- 
redshift scaling rel ations than the interme diate-redshift 
relation. However. IGastaldello et al.l ()2008D do point out 
that their fitted slope may be flatter than it should be 
because the velocity dispersion measurements may be bi- 
ased low. Of course, it is difficult to draw strong conclu- 
sions from only four detections in the lens-group sample, 
but the upper limits, while not constraining the proper- 
ties of the lens-selected sample in a meaningful way, are 
still perfectly consistent with the low-redshift scaling re- 
lations and marginally consistent with the intermediate- 
redshift scaling relation. It should be noted that the 
three lens-selected groups that were not detected all lie 
at z > 0.4, while the four that were detected all have 
z < 0.4. Deeper X-ray observations of the B1608 and 
B1600 fields, which now each have only ~30 ks of Chan- 
dra data, would enhance the conclusions that can be 
drawn from the lens group sample. 

5.5. BGG offsets 

In low-redshift samples, the brightest group galaxy 
(BGG) nearly always sits at the spatial and dynamica l 
center of the group (e.g., iZabludoff fc MulchaevI Il99l . 
and the diffuse X-ray emission from group is also cen- 
tered on the BGG (e.g. j Mulchaey fc Zablu doff 1998; 
IHelsdon fc PonmanI 120001: lOsmond fc PonmanI |200| ). 
The coincidence between the difl'use X-ray gas and the 
BGG becomes less prominent in samples of X-ray- 
selected moderate redshift groups, where some groups 
have negligible B GG offsets bu t others have offsets up 
to - 160/1-1 kpc peltema et all 120061 120071) . The lens- 
selected systems presented in this paper span a red- 
shift range similar to the IJeltema et al.l ()2007t ) sam- 
ple and thus provide an interesting comparison sam- 
ple. We have identified the brightest spectroscopically- 
confirmed member of each of the groups for which dif- 
fuse X-ray emission has been detected, either from our 
o wn imaging (for B0712 and B2108) or from the data 
in lMomcheva et al.l (|2006l for PG1115 and B1422). The 
X-ray centroids are derived from the Gaussian-smoothed 
images in the last column of Figure [2l For the B2108 
field, we calculate the offset between the BGG and the 
centroid of B2108-1. The offsets between the BGGs and 
the X-ray centroids are given in Table 21 and overlays 
of the X-ray contours on HST images are shown in Fig- 
ure m For B2108 the BGG is also the lensing galaxy. 
However, in B0712 (because the group lies at a lower 
redshift than the lens), PG1115, and B1422 the lens is 



not the BGG. Therefore, Table |4] also gives the offsets 
between the lensing galaxies and the X-ray centroids. 

The offsets between the centroids of the diffuse X-ray 
emission and the BGGs are small to moderate, with all of 
the offsets being <20". At the redshifts of these groups, 
z ~ 0.3 — 0.4, these offsets correspond to physical dis- 
tances of ~25-50 kpc. For c omparison, five out o f 
the seven groups in the sample of IJeltema eTan (I2OO7I ) 
had BGG offsets of <15 kpc, while the other two had 
offsets of 110-160 h-^ kpc. In spite of the BGG-X-ray 
offsets measured in the lens-group sample, we cannot yet 
conclude that this s ample is similar in character to the 
IJeltema et al.l (|2007( ) one. This is because slight changes 
in analysis techniques can lead to significant changes 
in the centroid position of lens-selected groups, as can 
be seen by comp a,ring our X-ray ima ges of PG1115 and 
B1422 to those in lGrant etal] (|2004D . Even with the ex- 
cellent angular resolution of Chandra, the determination 
of the morphology of faint diffuse emission in the pres- 
ence of bright lensed AGN images is challenging. Over- 
or under-subtracting the AGN emission can bias the cen- 
troid position. Furthermore, the choice of smoothing 
technique can also lead to shifts in the derived X-ray 
centroid. Deeper X-ray imaging of all of the systems 
would help to address these centroiding issues. 

Another complexity that enters into the determination 
of the BGG-X-ray offsets is the difficulty for some of the 
systems in identifying the BGG. For many of the groups 
there is no clearly dominant central galaxy. Instead, in 
several of the groups (B0712, B1608-3, B2108, and possi- 
bly PG1115) the brightest and next brightest galaxies are 
separated by less than half a magnitude . Other investi- 
gations of intermediate-re dshift groups (jMulchaev et al.l 
l2006t IJeltema et al.ll20d6l ) have found systems for which 
the IGM is detected in X-rays, but no dominant BGG 
was identified. For our lens-group sample, the lack of 
a dominant BGG in some groups may be due to seeing 
these groups at an earlier stage of their evolution (e.g., 
IJeltema et al.ll2007[ ). or it may just be due to incomplete 
spectral information where the BGG has not yet been 
identified as a group member. Deeper optical data are 
needed to resolve this issue. 

5.6. Implications for Gravitational Lensing 

When a gravitational lens system resides in an over- 
dense environment, that environment can impact the 
lensing potential and have clear effect on cosmological 
and astrophysics measurem ents made using the lens (e.g., 
iKeeton fc Zabludoflll2004( ). An advantage of X-ray ob- 
servations over spectroscopic surveys of the lens environ- 
ments is that, in theory, the X-ray data can produce clear 
determinations of the center of the group potential and 
the total group mass (through the temperature of the X- 
ray gas). However, the existing Chandra data presented 
here are not sensitive enough to make robust measure- 
ments of either the centroids or the temperatures of the 
X-ray gas distributions. 

5.7. Galaxy Properties 

In low-redshift groups, correlations have been found 
between the morphological distribution of the mem- 
ber galaxi es and the overal l group properties (e.g., 
Zabludoff fc MulchaevI [19981: iMu lchaev fc ZabiudoffI 
19981 lOsmond fc PonmanI l2004f ). In particular, the 
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velocity dispersion (km s"^) 

Fig. 8. — Lx-cTv plot showing moderate-redshift lens -selected groups from this paper (large stars, with open stars representing upper 
limits), low-redshift X-ray-selocted groups from GEMS (Osmond & Ponman"2004 error bars with no points), moderate-redshift X-ray- 
selected g roups fromlJel tcma ct al. (2006, open circles) and Willis ct al. (2005a, open triangles), and low-rcdshift optical ly-selected groups 
from 2dF IIRasmussen et al.ii2006i . filled squares). The solid line represe nts th e fit t o the GEMS s ample (iHelsdon &: Ponmanllin pred) . while 
the dotted line is the fit to the low-redshift c luster data of [M arkcvitclj 1 11998) and lHornerl 1120011) . The long-dashed line is a fit to a sample 
of intermediate-redshift groups and clusters IjGastaldello et al.ii2008i ). 
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^ The lens is not physieally associated with the group. 

fraction of early-type galaxies shows a significant 
correlation with such properties as the group velocity 
dispersion and whether the group has detectable diffuse 
X-ray emission. At the redshifts of the lens-selected 
sample, it is not possible to use ground-based imaging 
to robustly determine galaxy morphologies. Therefore, 
we have used HST imaging to determine morphological 
properties of the group members, where possible. For 
nearly all of the systems, we used archival WFPC2 
or ACS imaging (GO-5699, PI: Impey; GO-5908, PI: 
Jackson; GO-6555, PI: Schechter; GO-6652, PI: Impey; 
GO-7495, PI: Falco; GO-8628, PI: Impey; GO-9133, PI: 
Falco; GO-9138, PI: Impey; GO-9744, PI: Kochanek). 
Most of these archival data sets were obtained by the 
CfA-Arizona Space Telescope Lens Survey team. For 
B1608 we used our own deep ACS imaging (GO-10158: 



PI: Fassnacht). Table [5] lists the proportion of galaxies 
identified by morphology as early-type (E or SO) in the 
lens-selected groups. All of the groups for which diffuse 
X-ray emission has been detected have relatively high 
early-type fractions, ranging from ~50-70%. For galaxy 
groups in the local Universe, the groups for which a 
diffuse intragroup X-ray component is detected also 
have significant early-type fractions. In contrast, the 
group associated with B1600, which has no detected 
X-ray emission, has only one early-type galaxy among 
its confirmed members. The B1608 groups are mixed, 
with B1608-1 having a low early-type fraction and 
B1608-3 having a high fraction. It may be that diffuse 
X-ray emission was not detected in the B1608-3 group 
simply because the group is at a high redshift and the 
observations were not particularly deep. It should be 
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TABLE 5 
Group Early-type Fractions 



Fig. 9. — Optical imaging from the HST of the X-ray— detected groups, with contours representing the diffuse X-ray emission overlaid. 
For the B0712, PG1115, and B2108 images, the data were taken with the F814W filter. For the B1422 image, the data were taken with 
the F791W filter. In each image the BOG is marked with a circle and the lens system is marked with a box. Note that the lens system in 
the B0712 group is not physically associated with the group. 

the previous sections, the systems for which diffuse X-ray 
emission has been detected appear to be quite similar 
to local X-ray~loud samples in their luminosities, their 
locations on the Lx-t plot, and their early- type frac- 
tions. This may not be totally unexpected, as the lens- 
ing galaxies in strong lens systems tend to have early- 
type morphologies, and local groups containing massive 
ellipticals are more likely to have detectable X-ray emis- 
sion (e.g., .Mulchaev et all 119961 : iMulchaev fc Zabludofj 
Il998f ). In fact, the one group in the lens-selected sam- 
ple in which the lensing galaxy is clearly a spiral also 
has the lowest early-type fraction and is one of the X- 
ray non-detections. Thus, while the B1600 group and 
possibly the B1608-1 group appear to be like the typi- 
cal group found in the local Uni verse, with low masses 
and low early-ty pe fractions (e.g. iGeller fc Huchralll983l : 
I Eke et aLll2004j i. the majority of the lens-group sample 
is more similar to the local groups for which X-ray emis- 
sion from the IGM has been detected, which are more 
massive and dominated by early- type galaxies. The one 
lens group that does not fit this picture is the B1608-3 
group, with its high early-type fraction and a relatively 
high velocity dispersion. The non-detection of B1608-3 
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noted that the results in Table [5] must be considered 
with caution. First, the number of member galaxies that 
have high-resolution imaging is small because of the 
fields of view of the HST cameras are limited. Secondly, 
the fractions may well be biased because the small fields 
are centered on the lens galaxy and may be probing 
special regions of the groups, such as the group centers. 

5.8. The Nature of the Lens-selected Groups 

Although the lens-selected group sample is small, the 
trends from the sample are suggestive. As discussed in 
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in the Chandra observations may be due to a combina- 
tion of its rcdshift and the short exposure time used in 
the observations. We feel that this is the group most 
likely to be detected if deeper observations of the field 
are undertaken. 

6. SUMMARY AND FUTURE WORK 

In this paper we have presented the results of a system- 
atic analysis of ground-based optical spectroscopy and 
Chandra observations of fields containing both strong 
gravitational lenses and previously known moderate- 
redshift galaxy groups. Diffuse emission from four of the 
seven groups were detected in the X-ray observations, 
and the properties of these four groups were found to be 
similar to low-redshift X-ray-detected groups. For these 
four lens systems, we have found associated groups that 
appear to be gravitationally bound structures, based on 
both the detection of diffuse X-ray emission from the 
IGM and the redshift distribution of the group mem- 
bers. Although these are small-number statistics, it ap- 
pears that galaxy groups selected by their association 
with gravitational lenses are massive and X-ray lumi- 
nous. Therefore, it may be possible to find massive 
groups at moderate redshifts by conducting targeted and 
sensitive X-ray observations of lens systems. 

We note that most of the lens-selected groups were 
detected only at low significance and thus a full analy- 
sis of their X-ray properties was not possible. For ex- 
ample, precise X-ray temperatures could not be deter- 
mined for any of the groups, and the determinations of 
the group centroids also remain highly uncertain. There- 
fore, deeper X-ray observations of the sample, in partic- 
ular of the B1600 and B1608 fields, are important to 
clarify the conclusions that can be drawn from this non- 
traditional sample of moderate-redshift groups. Simi- 
larly, more extensive optical spectroscopy of the lens 
fields would allow better determinations of group mem- 
berships, velocity dispersions, and the identities of the 
BGGs. Furthermore, additional lens-group associations 
have been identified spectroscopically and are at redshifts 



that can be probed by deep Chandra observations. Hav- 
ing a larger sample is key to quantifying the properties 
of lens-selected galaxy groups. 
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APPENDIX 
SERENDIPITOUS SOURCES 

In addition to studying the B0712 and B2108 groups, we also searched for diffuse and point-lik e serendipitous source s 
in the fields of each system. Object detection was carried out with the CIAO tool wavdetect (Freem an et al.l 12002^. 
which was run with a detection threshold of 10^^ on the ACIS chips 2,3,5,6,7. We used scales following the standard 
{V^y series with a maximum wavelet radius of 32 pixels. Sources were detected in both the soft (0.5-2.0 keV) and 
hard (2.0-8.0 keV) bands separately and cross-correlated; those detected with a 3(7 significance or greater in at least 
one band were included in the final source list. Photometry was carried out in the soft, hard and full (0.5-8.0 keV) 
bands for point-like objects on the unfiltered event files using the ACIS Extract package. Two diffuse sources were 
detected, one on chip 3 (ACIS-I3) of the B0712 dataset and one on chip 7 (ACIS-S3) of the B2108 dataset; photometry 
of these sources were carried out manually using the dmextract task. The final source lists, including both point-like 
and diffuse objects, along with the counts detected in all three bands and the significances with which the sources were 
detected are listed in Tables |6] and [T] The significances are calculated as the net counts from each source divided by 
the error of the background counts in the measurement aperture, a = NET_C0UNTS/(1 + VBKG.COUNTS + 0.75). 

We searched for known counterparts to the two detected diffuse sources and found one to be 1.1 arcmin from the 
reported position of the Zwicky cluster Zwcl 0713.1-1-4717 (jZwickv et al.lll966h . We extracted the spectrum of the 
cluster using the specextract task and fit to it an absorbed Raymond-Smith thermal plasma model with a 0.3 solar 
metal abundance. Allowing both the temperature and the redshift to vary, our best-fit model returned a temperature 
of 1.78 keV and a redshift of 0.30. The extracted spectrum and our best-fit thermal model are shown in Figure [TOl 
We found no such counterpart to the diffuse source detected in the field of B2108. Furthermore, an extraction of its 
spectrum proved inconclusive, as we could not fit to it a thermal or power law model. 
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Fig. 10. — Spectral fit results to the observed energy spectrum of ZwCl 0713.1+4717. The spectrum has been background subtracted 
and grouped to contain at least 30 counts per bin. The best fit Raymond-Smith thermal spectrum has a temperature of 1.78 keV and a 
redshift of 0.30. 
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TABLE 6 

Serendipitous Sources Detected in the Field of B0712+472 
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